Introduction
There has been a huge surge of research in the area of additive manufacturing (AM) over the last few years. The technique is very versatile and has a wide array of applications ranging from biomedical to industrial areas. The methods used in AM range from thermal extrusion where a polymer is melted, extruded and deposited in a layer by layer process; granular processing through melting powder layers using for example, a laser, and photo-polymerisation where selective areas of a liquid, photo-curable polymer is exposed to electromagnetic radiation to induce polymerisation and solidification [1] . Through the use of computer aided design (CAD), the additive manufacturing technique allows for the manufacturing of complex shaped parts. Depending on the function of the part, certain properties may be required for the material being engineered, for example enhanced electrical, flame retardant or mechanical properties might be desirable. One method for improving properties of materials is through the addition of a second material, such as a nanoparticle filler. Various examples are present in the literature where nanoparticles with a high aspect ratio such as carbon nanotubes [2] , glass fibre [3] and nanocellulose [4] all boost the mechanical properties of a polymeric material. Nanoparticulates such as those listed above, exhibit enhanced properties parallel to their long axis and therefore in order to gain the full benefit of these properties alignment is desirable. However, alignment of nanoparticles presents a particular challenge due to their small scale nature and their inherent tendency to agglomerate due to strong intermolecular (Van der Waal) forces. Various techniques have been researched in order to achieve alignment with methods varying from growth of nanoparticulates in an aligned manner, application of a shear force or the use of electric and magnetic fields [5] . The methodology that we use in this article involves encapsulation within a fibrillar structure, where the process of drawing out and enclosing into a narrow diameter fibre can result in the nanoparticles alignment. One of the simplest and most widely researched areas of fibre production over the past decade has been electrospinning, the technique we intend to take full advantage of here. The electrospinning technique readily produces microscale to nanoscale sized polymer fibres, through the application of a high voltage to a polymer solution or melt contained within a spinneret. The high voltage induces a deformation of the droplet at the needle tip from which a polymer jet is extruded and stretched towards a grounded target electrode. On transit from the spinneret tip to the collector, the jet is stretched down to a micro-to nano-scale polymer fibre and solvent is removed or solidification occurs depending on if the process began with a solution or molten state, thereby leaving a solid polymer fibre on the collector [6] . Electrospun fibres themselves have unique properties owing to their size and high aspect ratio, much similar to the nanoparticulates discussed earlier. During the spinning process the jet undergoes a shearing force and a narrowing in which the nanoparticulates can be aligned and encapsulated within the fibre as it forms. These fibres have the potential to be used in composite materials to aid in various aspects such as mechanical reinforcement. For example, Shinde et al. were able to incorporate electrospun fibres into a resin to improve inter laminar shear stresses of glass fibre composites [7] . In this paper we describe a route to prepare aligned arrays of multi walled carbon nanotubes and incorporate them in the additive manufacturing process through a combination of electrospinning and stereo-lithography.
Experimental
Electrospinning. Aqueous (deionised water) solutions/suspensions were prepared by weight with loadings of MWCNTs corresponding to 0, 0.5%, 1%, 3% and 5% wt of nanotubes in the final fibre matt. 1% wt Triton X-100 (~16% wt in final fibres) was added to the solutions to aid the dispersion of the nanotubes as described in reference [8] . Electrospinning was conducted at a supply voltage of 15 kV and a needle tip to collector distance of 15 cm, with fibres collected onto an aluminium foil substrate placed over a rotating collector. Scanning electron microscopy (SEM) was performed on sections of the fibre matts produced. The microscopy was performed using a Cambridge Instruments SEM360 in high vacuum mode with an accelerating voltage of 20 kV. Fibres were coated with gold prior to examination. Fibres were selected at random from the micrographs obtained and measurements made using the software ImageJ. Transmission electron microscopy (TEM) of the fibres was performed using a Philips CM20 at an operating voltages of 200 kV with samples prepared on a copper TEM grid, 300 mesh. Samples were prepared for TEM by electrospinning directly onto the grid which was secured onto the foil substrate. Fig. 1a establishes that the production of well aligned, parallel arrays of electrospun fibres containing nanoparticles is possible with a rotating collection speed giving a tangential velocity of 7 m/s [8] . Measurements of fibres displayed in Fig. 1a reveals a mean fibre diameter of ~360 nm. TEM images of the fibres are shown in Fig. 1b and indicate the presence of the nanotubes aligned along the fibres axis. The steps shown are largely practical in nature and underline the challenges in dealing with nanoscale objects -how to handle. The route chosen here both solves that challenges and how to preserve the alignment in the composite.
System Design. We have designed a system to incorporate the electrospinning system into an automated printing process for the fabrication of nanocomposite fibres and their incorporation into resins and described above. A schematic of all steps in the process is given in Fig. 2 . 2) with speeds of several metres per second. The rapid back and forth motion aids in the alignment of the fibres as they are being deposited. The table is capable of rotating through the x-y plane from 0 -360°, thereby allowing deposition of fibres with orientations varying from 0 to 90° angles with respect to the initial fibre layer. The deposition of fibres in multiple orientations will allow the exploitation of the improved mechanical properties in the more than one direction. In order for a layer-by-layer level of deposition, a z-axis control is incorporated onto the array of needles for height adjustments and control of the needle tip to collector distances. Once the desired layer of nanocomposite fibres has been deposited, the automated process moves onto stage 2, where a print head deposits a layer of UV photo-curable resin on top of the polymer fibres (Fig. 3b) . After the deposition of the resin the table progresses to stage 3 (Fig. 4) where a Teflon roller presses the curable resin down to a fine, uniform level and a combination of UV and IR light is applied in selected computer controlled areas using micro-mirrors [9, 10] , curing the resin and fixing the orientation of the nanocomposite fibres within the photopolymer. Steps 1 -3 are repeated as needed until the desired object dimension is achieved, after which in step 4, a CO2 laser is used to cut a desired shape of material (Fig. 4b) . Most literature that has investigated the incorporation of nanofibers into a resin often involves using layers or fibre bundles, laid by hand to which an epoxy is added and allowed to penetrate into the fibre mats. Alternatively fibres are mixed into the resin via mechanical stirring or sonication [10] [11] [12] . Here the process is automated and the direct control of the fibre deposition allows for orientations in a multitude of directions, enhancing the resins mechanical properties in these directions in a controlled fashion, rather than relying on a random mat orientation or being limited to a uniaxial enhancement through use of fibres oriented in one specific direction. The system described above has focused on the use of PEO/MWCNT fibre composites, however this methodology will work with any electrospinnable polymer and filler particles. For example the nanofiller used can be replaced by sustainable and eco-friendly material such as nanofibrillated cellulose or crystalline nanocellulose; these particles have similar dimensions to those of carbon nanotubes [13] . There are already reports of where this material has been incorporated into the electrospinning process and has been shown to improve on the mechanical properties of the fibres produced. For example, Fortunato et al have incorporated nanofibrillated cellulose into PEO fibres prepared through electrospinning, observing a nearly 10 fold increase in the elastic modulus of the fibres compared to fibres prepared from pure PEO [14] . Other nanofiller particles that can be utilised are nanoclays such as halloysite which again have similar dimensions to that of the carbon nanotubes.
Summary
We have described an additive manufacturing process to prepare aligned nanocomposite materials embedded in an epoxy resin via exploitation of the anisotropy developed during the electrospinning process. A complete working system has been developed to automatically process the nanocomposite fibres and encase them in an epoxy resin to retain the specified orientation to enhance the mechanical properties of the resin.
